to investigate factors associated with cognitive functioning in healthy adolescents, a school-based cross-sectional study was conducted on 1370 adolescents aged 11-16 years that were randomly selected from all governorates of Kuwait. Raven's Standard progressive Matrices (SpM), a non-verbal test of intelligence, was used to measure cognitive functioning of the study participants. Data on predictors of cognitive functioning were collected from parents and adolescents. Weight and height of the participants were measured in a standardized manner and blood samples were tested in an accredited laboratory under strict measures of quality control. in multivariable linear regression analysis, factors that showed significant association with the SPM score were gender (p = 0.002), season of birth (p = 0.009), place of residence (p < 0.001), father's (p < 0.001) and mother's (p = 0.025) educational level, type of housing (p < 0.001), passive smoking at home (p = 0.031), sleeping hours during weekends (p = 0.017), students' educational level (p < 0.001) and the frequency of consumption of sugary drinks (p < 0.001). The link between cognitive functioning and season of birth seems to be robust in various geographical locations including the Middle east. the association between sugary drinks and cognitive functioning highlights the importance of diet independently of obesity and support efforts to reduce consumption of sugary drinks among children.
mainly in low-income countries and thus their findings cannot be extrapolated to high-income settings such as the oil-rich Arab countries in the Middle East. In these countries, there has been a dramatic change in socioeconomic status in the last few decades, which has eliminated poverty and undernutrition and led to significant improvements in education. Therefore, factors like poverty and undernutrition are unlikely to be a major predictor of cognitive function among children in this setting. In these settings, new factors may have emerged such as overweight and obesity in addition to sedentary lifestyle, which have been linked to poor cognitive function 23 . We have previously reported that vitamin D levels is not associated with cognitive function 24 . In this study, we aim to investigate factors associated with cognitive functioning as measured by non-verbal test of intelligence, including obesity, physical activity, and nutritional deficiencies such as low levels of vitamin B 12 , iron and ferritin.
Methods
Kuwait is a small country with a population of 4.2 million and is divided into six provinces (governorates). A school-based cross-sectional study was conducted on students in middle schools typically aged [11] [12] [13] [14] [15] [16] years. The details of the project have been published previously 24, 25 . In brief, we recruited students from 12 public middle schools that were randomly selected using stratified multistage cluster random sampling with a probability proportional to size from all governorates of Kuwait. In each governorate, schools with larger number of students were given a higher probability of being selected compared to school with small number of students. The sample allocation in each governorate was based on the relative size of that province as judged by the total number of students in the governorate. The study was funded by Kuwait University and approved by The Ethics Committee at the Ministry of Health in Kuwait (No: 2015/248) as well as The Ethics Committee at the Health Sciences Centre, Kuwait University (No: DR/EC/2338). The study was conducted in accordance with Declaration of Helsinki ethical principles for medical research involving human subjects. An informed consent was taken from the parents of each study participant.
collecting data on predictors of cognitive functioning. An informed consent was sent to the parents along with a self-administered questionnaire on parental level of education and income, type of housing, number of siblings of the index child, passive smoking in the household and the number of times per week the index child had a meal prepared outside the home during the last three months. After obtaining written informed consent from the parents and verbal assent from the school children, trained dedicated personnel carried out face-to-face interviews with the students using a structured questionnaire. The questionnaire was carefully developed after an extensive review of the literature and was pilot tested on 20 students who were not included in the study. We included questions on physical activity utilizing a questionnaire that was developed based on the Youth Physical Activity Questionnaire in UK 26 and The Arab teens lifestyle study 27 . This questionnaire was validated among high school students and showed a strong correlation with data collected using accelerometers (Spearman correlation 0.92; p < 0.001 for total steps count) (not published). Anthropometric measurements, including standing height and body weight of the study subjects, were assessed using a digital weight and height scale in a standardized manner.
Blood sample of five ml of venous blood was drawn from each participant by a trained nurse. On the same day, the samples were centrifuged, and the serum was transferred to Eppendorf tubes and stored at −80 °C for analysis. In these blood samples vitamin D was measured using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Complete blood count (CBC), Parathyroid Hormone (PTH), vitamin B 12 , Iron, ferritin, transferrin and transferrin saturation were all measured in an accredited Teaching Hospital Clinical Biochemistry laboratory, where these tests are routinely conducted under strict quality control. Lead in whole blood (50 µL) was measured using ESA's LeadCare II ® Blood Lead Testing System (RNA Medical Bionostics, Inc. Devens, MA, USA) according the manufacturer's instructions. Because this method was deemed to be not accurate, lead was evaluated again in all blood samples using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Assessment of cognitive functioning. Comprehensive assessment of cognitive function requires using several tests that evaluate verbal cognition, non-verbal cognition, executive functioning and processing speed. However, conducting such comprehensive assessment in large epidemiological studies in school settings would be logistically difficult. Furthermore, many cognitive tests are heavily influenced by language and culture. We used Raven's Standard Progressive Matrices (SPM) to assess the cognitive functioning of the study participants. The test is culturally fair and non-verbal measure of intelligence (mainly fluid intelligence) and measures abstract reasoning, problem solving, perceptual awareness and reasoning by analogy. It measures participant's eductive (to make meaning out of chaos), as opposed to reproductive (to understand and recall previously learned information) ability 28 . In SPM, participants are asked to identify the missing piece of an array of patterns by determining which rule or rules govern the patterns displayed in the rows and columns. SPM has been previously validated in our setting 29 . In fact, SPM is used routinely to measure cognitive function in schools as part of the psychological and social services provide by The Ministry of Education in Kuwait. Specialists from The Department of Psychological and Social Services at The Ministry of Education administered SPM in the schools. Raw scores were converted to standard scores as per the instruction manual 30 . We will use the term cognitive function or cognitive functioning to refer to results of the Raven's SPM in our study.
Sample size estimation and power calculation. The required sample size was estimated using the Stata command powerreg to provide more than 90% power to detect a change of 0.03 in the coefficient of determination (R 2 ) at 5% level of significance assuming that R 2 in the full model is 0.20 taking into account the number of total predictors included in the study (29 predictors in total and 64 dummy variables). While the calculation showed that 1131 study subjects would be sufficient, an addition of 20% of the calculated sample size was added to compensate for missing data.
Statistical methods. Data were double entered into specifically designed database using Epidata Entry.
Data analysis was conducted using Stata version 12 (StataCorp. College Station, TX, USA). BMI was calculated as weight (Kg) divided by height squared (m 2 ), which was later categorized into normal, overweight and obese according to WHO growth charts. The main outcome in the analysis was SPM score, which was approximately normally distributed; hence we used linear regression models to investigate the predictors of SPM score. Guided by the conceptual frameworks in the literature 31, 32 , variables were divided into groups. The first group included socio-demographic factors such as sex, nationality, parental education, total number of siblings, father's income, mother's employment, type of housing, having private room for the index child in the house, child rank and whether the child lives with both parents in addition to season of birth. The second group included educational level of the participant, hours of sleep during weekdays and weekends, whether the child takes a nap during the day at weekdays and weekends, whether the child is currently taking vitamins or supplements, and frequency of sugary drinks consumption. The third group included total time of physical activity and BMI categories as per WHO growth charts; while the fourth group included vitamin D, parathyroid hormone (PTH), hemoglobin (Hb), calcium, iron, ferritin, transferrin and transferrin saturation in addition to lead. Continuous variables were fitted either as continuous or categorized using acceptable cutoff points or using tertiles. In univariable analysis, variables that showed significant association with SPM score at a conservative α level < 0.2 were included in multivariate analysis. Then variables in each group were added sequentially to the model and those with p < 0.05 were retained in the model. Interaction terms were fitted in the model when there is a prior knowledge that support presence of the interaction. The assumptions for this analysis were checked including the linear relationship assumption using scatter plots and partial regression plots. Homoscedasticity assumption was checked by Breusch-Pagan test and by plotting the studentized residuals against the unstandardized predicted values. Multicollinearity was checked by the inspection of correlation coefficients matrix between independent variables and variance inflation factor. Normality of the residuals was checked by Q-Q plot. Finally, we used stepwise backward and forward selection approaches to identify factors that were independently associated with the cognitive function as a confirmatory method.
Results
Of the 1583 parents approached, 161 refused to participate (either child or parents refused). Another 6 adolescents had samples that were not sufficient to conduct blood analysis. Of the remaining 1416 adolescents, 1370 completed the SPM and their socio-demographic characteristics are shown in Table 1 . Table 2 shows the association between various factors presumed to be associated with SPM scores in univariable analysis. Most socio-economic factors showed associations with SPM scores in univariable analysis. However, except for PTH and calcium, most of the laboratory measurements such as hemoglobin, iron, ferritin, transferrin, transferring saturation and vitamin D level were all not associated with SPM scores. In multivariable analysis, factors that showed significant associations with SPM scores were gender (p = 0.002), season of birth (p = 0.009), place of residence (province) (p < 0.001), father's (p < 0.001) and mother's (p = 0.025) educational level, type of housing (p < 0.001), passive smoking at home (p = 0.031), sleeping hours during weekends (p = 0.017), students' educational level (grade) (p < 0.001) and the frequency of consumption of sugary drinks (p < 0.001) ( Table 3 ). Both backward and forward stepwise regression selected the same variables and these variables were also the same as the manually developed model above. However, PTH as a continuous variable was significant in the stepwise selection (β = −0.27; p = 0.04) but not in the manually developed model (β = −0.23; p = 0.065). It is worth noting that PTH (when fitted as a categorical variable using quartiles or using clinically acceptable cutoff points) was not significantly associated with SPM neither in the stepwise selection nor in the manually developed model.
Discussion
Poor cognitive functioning in children and adolescents is extremely important not only because it affects school performance and academic achievements but also predicts various disease conditions in adulthood [2] [3] [4] [5] . In this study we aimed to investigate factors associated with cognitive functioning, as measured by a non-verbal test of intelligence (Raven's SPM), among adolescents in a high-income setting in Kuwait. Socio-demographic factors, season of birth and consumption of soft sugary drinks were the main predictors of cognitive functioning while obesity and laboratory markers such as Hb, iron, ferritin, calcium and vitamin B 12 were all not significantly associated with cognitive functioning among adolescents.
With the ever-increasing world-wide prevalence of childhood obesity, the link between obesity and cognitive functioning has generated great interest. Kuwait Nutritional Surveillance System reported that 22% and 32% of adolescents are either overweight or obese, respectively 33 . We found no significant association between obesity and cognitive functioning, neither in univariable nor in multivariable analysis. This is different from that reported in other studies, which showed a significant association between cognitive function and obesity 21, [34] [35] [36] . Other studies have suggested that obese adolescents have slower cognitive processing speed while maintaining equivalent performance on executive functions compared to their healthy weight peers 37 . On the other hand, several studies reported no association between obesity and cognitive functioning among children or adolescents 38, 39 . The mixed findings of these studies could be explained by using different tests of cognitive function. Liang et al. reviewed studies on the association between obesity and cognitive function and concluded that the association is evident only with certain aspects of executive functions 40 that are not precisely measured by SPM. This could also explain the lack of association in our study. Although some studies suggested that obese adolescents have lower grey and white matter volume in the brain, particularly in areas responsible for learning and cognition [41] [42] [43] suggesting a direct link between obesity and cognitive function, it is possible that an indirect association also exists, whereby obesity may affect cognitive functioning through poor sleep quality, decreased school attendance and social isolation 23 . Furthermore, it is difficult to untangle the exact impact of obesity on cognitive functioning. That is, whether it is obesity proper (fat deposition and physiological effects on the brain), obesity-related behaviors (behavior that promote weight gain such as poor diet and lack of physical activity), or both, that have an effect on cognitive function. In our study, no association was found between the total time adolescents engaged in physical activity and their cognitive function. Although most studies have suggested that increased physical activity may improve cognitive function 44 , a recent literature review showed that physical activity interventions can lead only to small improvements in problem-solving skills 23 .
We found a strong inverse association between consumption of sugary drinks and SPM scores in both univariable and multivariable analyses. Consumption of sugary drinks is an indicator of poor diet and previous studies have shown that a diet high in fats and sugar is associated with decreased intelligence and school performance 45, 46 . We did not collect extensive data on diet, but consumption of meals prepared outside the home was significant predictor of cognitive function in univariable analysis, which highlights the importance of diet in our setting. We also found that excessive sleep (≥ 11 hours per night) during weekends (not weekdays) is associated with low SPM scores. Previous studies have reported either modest or no association between duration of sleep and cognitive functioning 47, 48 attributing this to subjective measures of sleep such as self-report methods or the notion that brain immaturity in children may prevent them from experiencing low cognitive performance due to sleep deprivation. A recent review 49 of studies that objectively measured duration of sleep also reported a modest association, which existed only with Full/Verbal Intelligence Quotient (IQ) but not with Fluid IQ, memory or executive functions, processing speed or attention. We divided the duration of sleep into tertiles and found that sleeping 11 or more hours per night during weekends is associated with a decrease in SPM scores. Also, having a nap during the daytime on weekends was associated with decreased SPM scores in univariable analysis. Sleeping more than 11 hours per night or having a nap during the day on weekends may reflect poor quality of sleep during 50 , approximately half of the participants slept between 9 and 11 hours per night on weekends. When we categorized the duration of sleep as per these recommendations, there was no association between cognitive functioning and duration of sleep on weekends or weekdays. Previous studies have shown season of birth to be significantly associated with cognitive function, particularly non-verbal IQ 51, 52 . Most of these studies were conducted in Europe or North America; and our study is the first to report a strong association between season of birth and cognitive function in Middle Eastern settings (Fig. 1) . Several plausible mechanisms have been proposed to explain this association including variations in vitamin D levels during pregnancy, exposure to viral infections such as influenza in the winter season and poor prenatal nutrition in some seasons in addition to educational policies regarding school entry and sociocultural influences on timing of conception and birth 51 . Generally, none of these mechanisms has offered a satisfactory explanation for the robust association between season of birth and cognitive function. In our study, we did not measure vitamin D during pregnancy but the current vitamin D levels of the adolescents was not associated with their cognitive function 24 . In our setting, there is no clear pattern in birth distribution that is likely to be related to sociocultural factors as has been described elsewhere 53 . It is worth noting that season of birth has also been linked to various health outcomes and conditions including low birth weight 52 , schizophrenia 54 , attention deficit/ hyperactivity disorder 55 and many others.
In low-income settings, it is estimated that many children do not reach their full cognitive potential due to poverty, insufficient nutrition and lack of access to health care. It is not clear what is the relative contribution of www.nature.com/scientificreports www.nature.com/scientificreports/ these factors in high-income settings such as in the oil-rich Arab states in the Middle East, where poverty has been eliminated, food is abundant and healthcare services are easily accessible. We found parental education to be significant independent predictor of cognitive functioning. Of note is the significant inverse association between father's income and SPM score of adolescents in univariable analysis ( Table 2) . Although this was not selected in the final model, it shows that parental education is far more important than income in our setting. Our findings www.nature.com/scientificreports www.nature.com/scientificreports/ are substantially different from that reported in low-income countries such as Uganda, where maternal education was not associated with cognitive outcomes 56 . In that study, however, the authors adjusted for home environment which was related to maternal education. The mechanisms by which socioeconomic status affects cognitive abilities is complex and has been debated extensively. There is a growing body of literature which suggests that socioeconomic status modifies the heritability of cognitive function probably by epigenetic mechanisms, with early poverty having a greater impact on cognitive functions compared to poverty at middle or late-childhood 22 .
In our study, none of the laboratory measurements including Hb, iron, ferritin, transferrin, vitamin B 12 or calcium were found to be significant predictors of cognitive functioning as measured by Raven's SPM. Iron deficiency with or without anemia has been reported to be associated with low cognitive function, although studies have acknowledged the difficulty of disentangling the impact of iron deficiency from the effect of low socioeconomic background where iron deficiency or iron deficiency anemia prevail 57, 58 . Most studies that showed an association between iron deficiency and cognitive function used electrophysiological measures of neurocognitive processing rather than neurocognitive performance such as cognitive tests. Similar to our findings, previous studies that used SPM as a measure of cognitive ability have reported no association between iron status and SPM scores 59 . Furthermore, it has been suggested that there is a critical period during early childhood (infants and preschool children) during which iron deficiency might have long-term effects on cognitive functions [60] [61] [62] . Therefore, iron status during adolescence may not yield clear associations with cognitive functions. Finally, it is worth noting that only <8% of the participants were anemic as per WHO cutoff points (Hb < 12 g/dl for children 12-14.99 years, Hb<13 g/dl for males 15+ years and Hb<12 g/dl for females 15+ years).
To the best of our knowledge, this is the first study to investigate factors associated with cognitive functioning among healthy adolescents in the oil-rich Arab states in the Middle East, where socioeconomic status has improved substantially in recent decades. We selected a nationally representative sample of adolescents and used Raven's SPM, which is a nonverbal and culture fair intelligence test in order to minimize the influence of these factors. SPM is the most widely used nonverbal intelligence test; and has been reported to provide reliable data on cognitive functioning, even among children with disabilities 63 . In our study, SPM scores were highly correlated with students' academic performance (Spearman's rank correlation coefficient=0.45; p < 0.001 with mathematics, Spearman's rank correlation coefficient=0.34; p < 0.001 with science, and Spearman's rank correlation coefficient =0.43; p < 0.001 with the overall school performance), which boosted our confidence in the test. However, SPM is not the only measure of cognitive abilities. In fact, cognitive ability has several domains some of which are not precisely measured by Raven's SPM such as verbal cognition, executive functioning and processing speed. Also, the study was cross-sectional making it difficult to identify the temporal relationship between several factors and cognitive functions. In our analysis, we used an exploratory approach with the aim of finding the strongest independent predictors of cognitive function regardless of their position in the causal pathway. Finally, we did not collect data on home environment indicators (parental interaction, provision of stimulation and early education) or on depression among adolescents.
In the oil-rich countries in the Middle East, where socioeconomic status has improved materially in the last few decades, parental education (but not income) in addition to season of birth and consumption of sugary drinks, were the main predictors of cognitive functioning as measured by the Raven's SPM while obesity and laboratory markers such as Hb, iron, ferritin and calcium were all not significantly associated with cognitive functioning among adolescents. The link between cognitive functioning and season of birth seems to be robust in various geographical locations including the Middle East. The association between sugary drinks and cognitive functioning highlights the importance of diet independently of obesity and support efforts to reduce consumption of sugary drinks among children.
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